Bacterial microcompartments (MCPs) are protein-based organelles which encapsulate 28 metabolic pathways. Metabolic engineers have recently sought to repurpose MCPs to encapsulate 29 heterologous pathways to increase flux through pathways of interest. As MCP engineering 30 becomes more common, standardized methods for analyzing changes to MCPs and interpreting 31 results across studies will become increasingly important. In this study, we demonstrate that 32 different imaging techniques yield variations in the apparent size of purified MCPs from 33 Salmonella enterica serovar Typhimurium LT2, likely due to variations in sample preparation 34 methods. We provide guidelines for preparing samples for MCP imaging and outline expected 35 variations in apparent size and morphology between methods. With this report we aim to establish 36 an aid for comparing results across studies.
Introduction 38
Scientific research has recently come under fire for what is being dubbed a crisis of 39 reproducibility. Current studies estimate that 75-90% of findings in high-profile journals are not 40 reproducible [1] . The issue has seeped into fields across every domain of scientific inquiry [2] . 41 While the cause of any given irreproducible result will vary from case to case, a lack of technique 42 standardization across studies can lead to artefactual results or false conclusions [3] . In fields in 43 which different techniques are employed to test similar hypotheses, it is important to place results 44 into the proper context and understand the limitations of each technique. Here, we provide 45 guidelines for technique standardization and result interpretation in the bacterial 46 microcompartment engineering field. 47 sample preparation session. After the 2-minute incubation, the glutaraldehyde was wicked away 117 using filter paper and the sample was washed three times in deionized water. Samples were stained 118 with 1% (w/v) aqueous uranyl acetate (UA) by applying 10 μL of UA to the grids for 2 minutes. 119 The UA was wicked away completely using filter paper. Note that all samples, fixative, stain, and 120 deionized water were spun at 12,000 x G for 2 minutes before use to remove any aggregates. 121 Samples were imaged at the Northwestern Electron Probe Instrumentation Center (EPIC) using 122 the Hitachi HT-7700 Biological S/TEM Microscope and the Galtan Orius 4k x 2.67k digital 123 camera. 124 For samples that were exchanged into solvent to prevent collapsing, samples were first 125 fixed as described above in 2% glutaraldehyde. The samples were exchanged into 30% (v/v) 126 ethanol for 1 minute, then 50% (v/v), 70% (v/v), and 90% (v/v) ethanol, followed by 100% ethanol 127 three times. After this exchange into ethanol, samples were exchanged into 50% (v/v) and then 128 100% hexamethyldisilazane (HMDS). Samples exchanged into 100% HMDS were stained with 129 UA as described above. Imaging MCPs using negative-stain transmission electron microscopy (TEM) is a standard 177 technique used by the MCP field that has been widely adopted since Sinha Table 1 lists the various techniques, along with their strengths and weakness, that are utilized in 184 the MCP field and are assessed in this work. We have also included a brief list of specialized 185 equipment necessary for each technique, and a list of previous works in the MCP field in which 186 each technique was used. Our hope is that this will enable selection of the technique best-suited 187 for each study. does not seem to completely prevent MCP collapse. MCPs appeared to be 102 ± 17 nm (mean ± 194 standard deviation) in diameter when measured in images generated with this method (Fig 2) . retention, especially in samples that were exchanged into the high vapor-pressure solvent 218 hexamethyldisilazane (HMDS) (Fig 1B) . Overall this sample preparation technique increased the 219 average apparent diameter of the MCPs by 22% to 124 ± 17 nm and required minimal additional 220 steps (less than an hour of additional preparation time, even with multiple samples) (Fig 2) . 221 However, the exchange into HMDS led to inconsistent staining across the sample grid. This is A technique that has not been widely adopted in the MCP field is scanning electron 228 microscopy (SEM) ( Table 1) . This technique utilizes critical point drying to retain the structure of 229 imaged samples. This is followed by treating with a sputter coater, which coats the sample in a 230 thin layer of metal. In contrast to negative-stain TEM sample preparation, this method does not 231 utilize an aqueous stain. For this reason, we hypothesized that critical point drying and SEM would 232 lead to MCPs that appeared more inflated. Indeed, MCPs that were subjected to this sample 233 preparation and imaging workflow did appear slightly more inflated than either of the negative-234 stain TEM methods described above (Fig 3) . Coating for SEM also allows for tuning of the coat 235 thickness, though there is an upper limit as increasing the metal coating thickness hindered 236 detection of surface morphology (Fig 3B, C) . For example, in Fig 3B, a coat thickness of >6 nm 237 was used and occluded some morphological features visible in Fig 3C, which had a coat thickness 238 of 6 nm. For this reason, we recommend using a minimal coat thickness (6 nm) ( Fig 3C) , although 239 finding a balance between optimal coat thickness, accelerating voltage, and scan speed will be 240 necessary for each case. Overall, this technique yielded MCPs that appeared 24% (126 ± 17 nm 241 diameter) larger, on average, than the standard negative-stain TEM method widely adopted by the 242 field and allowed for visualization of MCP surface morphology comparable to the detail seen with 243 negative-stain TEM (Fig 2) . However, the additional sample preparation steps and specialized 244 equipment may make this technique less appealing for many applications. Specifically, SEM hypothesized that because cryo TEM keeps the sample in vitreous ice and does not remove the 257 sample from its native buffer, it would be best suited for retaining fully-inflated MCPs in their 258 native shape and diameter (Fig 4) . Indeed, samples that were imaged using cryo TEM produced 259 images that on average appeared the largest of any of the techniques we attempted (138 ± 21 nm 260 diameter). These MCPs appeared 35% larger in diameter than the standard negative-stain TEM 261 technique and 10% larger than SEM. Samples imaged using cryo TEM also had similar variation 262 in size observed by the other techniques, indicating that the higher average size is not due to large 263 outliers (Fig 2) . Indeed, cryo TEM had the second fewest outliers of any of the imaging techniques 264 we used to assess the population size distribution. (Table 1) . However, TEM of ultra-thin sections has a number of drawbacks that make it a suboptimal 289 choice for many applications. Due to the irregular shape of Pdu MCPs, ultra-thin sections produce 290 highly variable apparent diameters (99 ± 32 nm) depending on where the MCP is sectioned (Fig   291   5 ). Using this technique, we found the largest variation in apparent MCP diameter, with 292 measurements both much larger and much smaller than all previous techniques (Fig 5) . Indeed,
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Ultra-thin section transmission electron microscopy yields large
293
MCPs appeared on average 28% smaller in diameter than with cryo TEM, and the variation was 294 between 1.5 and 1.9 times greater than all other methods (Fig 2) . Qualitatively, MCPs visualized 295 using TEM of ultra-thin sections appeared more rounded and less angular than with other 296 techniques. However, this is not always the case across the field, as other labs have used this 297 technique to produce MCP images that appear to retain their native angularity [8] . Additionally, preparation of ultra-thin sections is a challenging technique to master, and it 305 can be difficult to determine the true boundaries of MCPs when they are visualized within cells.
306
Due to these many drawbacks, we recommend only using TEM of ultra-thin sections when it is 307 necessary to view MCPs in their native context in the cytoplasm or when it is necessary to image 308 the interior of MCPs (Table 1) . 309 be necessary for all studies. These imaging techniques are relatively low-throughput, and size 313 determination is slow. One higher-throughput option for MCP sizing is particle sizing via dynamic 314 light scattering (DLS). In this study we compared two different DLS-based techniques --315 Nanosight for nanoparticle tracking analysis (NTA), and Zeta Sizer for population-based size 316 measurements. Sizing analyses were performed on MCPs in solution (Fig 6) , and particle size 317 distributions (PSDs) were acquired (Figs 6A and 6B) . When analyzed via Nanosight, the resulting 318 distribution peak reached a maximum at 132 nm (Fig 6A) . When analyzed via Zeta Sizer, the 319 calculated distribution reached an intensity maximum of 122 nm (Fig 6B) . Generally, the particle 320 size distribution peak obtained via Nanosight was narrower than in the Zeta Sizer analysis. The 321 average diameter measured by NTA was 149.5 ± 0.7 nm, which was larger than the 122.04 ± 0.5 322 nm measured by the Zeta Sizer (Fig S2) . The disparity in mean diameter comes from large 323 aggregates observed in the NTA experiment (Fig S3) . To directly compare the sizing of Nanosight 324 and Zeta Sizer, we consider differences between the mode diameter of Nanosight and the mean 325 diameter (Zave) of the Zeta Sizer to be the most accurate comparison. The mode diameter of 130.7 326 ± 1.0 nm is slightly higher than the measured 122.04 ± 0.5 nm observed in Zeta Sizer 327 measurements. Finally, the polydispersity index (PDI) calculated via Zeta Sizer was 0.045 ± 0.001, 328 indicating that purified MCPs are monodisperse, as expected. We attribute discrepancies in 329 diameter measurements to differences between the measurement techniques and their respective Nanosight results appeared most similar to those obtained by cryo TEM (132 nm vs. 138 nm).
Dynamic light scattering and nanoparticle tracking analysis enables
354
Conclusion 355
Our results suggest that the technique used to visualize and measure MCPs can alter how 356 we interpret our experimental results. This is especially important when comparing results across 357 studies which used different techniques to assess their results. Our hope is that this study can 358 provide a guideline for the appropriate use of each of the many available techniques used in the 359 field to assess MCPs. Our results can also be used to contextualize and compare results across 360 different studies by providing approximate percent changes in apparent size for each technique. 
